If life ever existed, or still exists, on Mars, its record is likely to be found in minerals formed by, or in association with, microorganisms. An important concept regarding interpretation of the mineralogical record for evidence of life is that, broadly defined, life perturbs disequilibria that arise due to kinetic barriers and can impart unexpected structure to an abiotic system. Many features of minerals and mineral assemblages may serve as biosignatures even if life does not have a familiar terrestrial chemical basis. Biological impacts on minerals and mineral assemblages may be direct or indirect. Crystalline or amorphous biominerals, an important category of mineralogical biosignatures, precipitate under direct cellular control as part of the life cycle of the organism (shells, tests, phytoliths) or indirectly when cell surface layers provide sites for heterogeneous nucleation. Biominerals also form indirectly as byproducts of metabolism due to changing mineral solubility. Mineralogical biosignatures include distinctive mineral surface structures or chemistry that arise when dissolution and/or crystal growth kinetics are influenced by metabolic by-products. Mineral assemblages themselves may be diagnostic of the prior activity of organisms where barriers to precipitation or dissolution of specific phases have been overcome. Critical to resolving the question of whether life exists, or existed, on Mars is knowing how to distinguish biologically induced structure and organization patterns from inorganic phenomena and inorganic self-organization. This task assumes special significance when it is acknowledged that the majority of, and perhaps the only, material to be returned from Mars will be mineralogical. Key Words: MarsMicroorganisms-Biosignatures-Minerals. Astrobiology 1, 447-465.
INTRODUCTION T
HE FEW UNAMBIGUOU S MINERALOGICAL biosignatures available today are mostly restricted to minerals produced under direct cellular con-identifiable remains of organisms a variety of mineralogical biosignatures may serve to establish that life existed in an environment. These include minerals formed as a direct or indirect consequence of microbial metabolism, mineral assemblages templated by organic polymers, and modifications to mineral surfaces or mineral distribution patterns.
A subset of terrestrial microorganisms derives metabolic energy by catalysis of inorganic chemical reactions. Microbes use inorganic and organic substrates to generate energy by coupling the production of ATP to enzymatic transport of electrons. Numerous electron donor and acceptor pairs are available in the form of organic molecules, minerals, dissolved ions and metals, and gases, especially in environments characterized by redox transitions (e.g., in sediments, or at the interface between basaltic rocks and oxidizing surface-derived fluids). Microbial utilization of inorganic substrates in energy generation can cause minerals to dissolve or to precipitate. The characteristics of biologically induced mineral products may bear testament to their biological origin. Minerals formed as metabolic by-products are typically nanocrystalline owing to their rapid precipitation from solutions that, locally, are highly supersaturated. At this time, insufficient information is available to determine whether the characteristics of these minerals can be used as rigorous biosignatures.
In addition to modifying the redox state of aqueous ions, microbial metabolism can impact the composition of surrounding solutions through a change in pH, for example, via the production of organic or inorganic complexing agents. This phenomenon may induce precipitation of minerals with crystal structures, crystal sizes, defect structures, and morphologies that would not be produced in the absence of biological activity. Similarly, complexation of metals by organic ligands may promote dissolution of otherwise extremely insoluble phases. Dissolution and precipitation may be accompanied by biologically induced fractionation of trace and major elements and/or isotopes.
Cell surfaces and cell-derived polymers can promote heterogeneous nucleation of minerals with unusual characteristics. In some cases, these precipitates may preserve the morphological characteristics of the cell (microfossils). Although such morphological microfossils are difficult to distinguish from mineral aggregates produced by inorganic processes, trace element, isotopic, and microstructural features may provide clues that, in combination with morphological characteristics, could indicate a biological origin.
In general, life on Earth has evolved to use compounds readily available from the environment, especially from solutions. However, as the geochemical characteristics of an environment change, some metabolically required elements may become scarce, and organisms may be driven to increase their proximity to mineral surfaces. In addition, organisms attach to solid substrates for protection against environmental extremes (e.g., electromagnetic radiation, mechanical abrasion, temperature stress, hazardous chemicals, temperature shock, desiccation, etc.). Close microbe-mineral association can promote mineral dissolution and the enhanced release of biologically useful constituents to solution. Distinctive surface compositional characteristics and etching patterns may result. Although detailed surface features may preserve evidence of life, considerable research is needed to develop reliable criteria for recognizing such features in the rock record.
EXAMPLES OF TERRESTRIAL MINERAL BIOSIGNATURES WITH POSSIBLE RELEVANCE TO MARS
On Earth, a variety of mineral characteristics record evidence of biological activity.
Minerals whose phase indicates a biogenic origin
The formation of aragonite, the high-pressure CaCO 3 polymorph, rather than calcite by algae (de Vrind de Jong and de Vrind, 1997) and in shells (Falini et al., 1996) is an example of biological activity leading to precipitation of a structure not predicted to occur given ambient physical and chemical conditions. However, the crystallization of aragonite at low temperature can occur under some specific conditions via abiotic pathways. For example, Renault and Jones (1997) observed a cyclic precipitation of calcite and aragonite in a hot spring travertine, which they attributed to rapid degassing of CO 2 .
Algae, octocorallia, and echinoderm tests are often composed of high-Mg calcite, and the shells of molluscs are typically composed of lower-Mg calcites (e.g., Dauphin, 1999) . In the case of echi-noderms, it has been suggested that an organic matrix with calcium-binding ability is framed in a periodic three-dimensional structure made of concentric layers bridged by radial threads (Ameye et al., 1998 ). Yet, both high-and low-Mg calcites are found in beach cements and are sometimes inferred to form inorganically (Kneale and Viles, 2000) .
Unexpected minerals also can form if biological activity leads to the creation of redox conditions not anticipated based on bulk solution parameters. Mackinawite (a tetragonal iron sulfide) is considered to be a biosignature for microbiologically influenced corrosion of iron by sulfatereducing bacteria. Experimental databases indicate mackinawite should only form under extremely reducing conditions. If the ferrous ion concentration in the electrolyte is low, mackinawite alters to greigite (Rickard, 1969; King et al., 1976) . The alteration is not observed in nonbiological systems containing tetragonal FeS. Another example is ferrimagnetic greigite, which some bacteria form from nonmagnetic mackinawite (McNeil and Little, 1990) . Interpretation of these minerals as possible biosignatures requires understanding of "bulk" and microenvironmental redox conditions.
Minerals with major element compositions diagnostic of a biogenic origin
Certain microorganisms, such as those found in lichens, make oxalate minerals (Freytet and Verrecchia, 1995; Allen et al., 1996; Edwards et al., 1997; Russell et al., 1998) . For example, calcium oxalate and other divalent metal oxalates are found in soils (Graustein et al., 1977) . Since oxalate is not commonly produced abiotically, its existence may indicate biological activity. Dolomite, CaMg(CO 3 ) 2 with structurally ordered Mg and Ca, can form via biological pathways, yet it is difficult to precipitate inorganically in most modern environments (Vasconcelos et al., 1995; Warthmann et al., 2000) . However, because dolomite may form during diagenesis, its existence cannot be construed as evidence of biological activity unless alternative origins can be ruled out.
Organic functional groups (e.g., carboxyl groups) strongly select for some elements over others (e.g., U . Mn . Zn, etc.). Consequently, nucleation of phases on cell surfaces or at other cell-related sites could lead to distinctive mineral chemistries.
Minerals whose trace element composition indicates a biogenic origin
Some minerals contain unusual concentrations of trace elements. This is probably largely due to the kinetics of biologically induced precipitation. Examples include some high-Sr calcites and some phosphates high in specific trace elements. Mortimer et al. (1997) reported that the Mg and Ca concentrations in siderite were inversely proportional to the rate of activity of microorganisms associated with their formation. Derry et al. (2001) reported that phytoliths had low Ge/Si ratios compared with the source fluids. This was attributed to selective uptake of uncharged Si rather than charged Ge species and because Ge in soil solutions was complexed by organic matter.
Minerals whose isotopic composition indicates a biogenic origin
Distinctive isotope fractionation patterns can indicate the role of organisms in mineral precipitation. For example, the sulfur isotopic composition of sulfides reflects fractionation due to selective uptake of isotopically light sulfur into the cell for use as an electron acceptor in respiration (e.g., of organics). Methanogens create methane that is highly enriched in 12 C and leave behind isotopically heavy carbon. In contrast, methanotrophs can convert light carbon in methane to isotopically light carbonates. These examples illustrate that the interpretation of isotopic biosignatures requires some understanding of the geochemical system in which they formed.
The existence of anomalously high or low isotope signatures or small-scale isotopic heterogeneities may also be evidence of biological activity and serve as mineralogical biosignatures. (Beard et al., 1999) . Oxygen isotopes in phosphate have recently been proposed as an inorganic indicator of enzymatic activity and P metabolism (Blake et al., 2001) .
Minerals whose surface composition suggests the presence of microorganisms
Organisms can alter the trace or major element chemistry of mineral surface layers or impact the abundance and distribution of surface alteration products. For example, sulfur-oxidizing bacteria rapidly remove elemental sulfur from the surfaces of dissolving metal sulfide minerals (McGuire et al., 2001) . In the absence of sulfur-oxidizing microbes elemental sulfur would accumulate owing to its slow dissolution kinetics in most aqueous solutions.
The stoichiometry of dissolution of silicate minerals is variable, depending on the pH and whether organic ligands are present. In acidic solutions, regardless of whether organic ligands are present, the net release of Al/Si from the feldspar framework can be either approximately stoichiometric with respect to the dissolving phase, or Al can be preferentially released to solution leaving Si-enriched surface layers. At near neutral pH, in the absence of organic compounds, Si is preferentially released to solution compared with Al, leaving Al-rich residual layers. However, if organic ligands are present, the Al/Si release is stoichiometric (Welch and Ullman, 1993; Stillings et al., 1996) . It is not certain that such experimental results translate to the identification of useful biosignatures. First, observed phenomena cannot be interpreted uniquely without additional constraints, and second, clay mineral assemblages are the likely surface products of silicate dissolution under most conditions, given sufficient time.
Minerals whose crystal morphology indicates a biogenic origin
Most magnetotactic organisms arrange their magnetic crystals into chains. Some species produce biogenic magnetite with unique characteristics: elongated, nonequilibrium prismatic morphology, chemically pure, few defects including twins, restricted to single domain/superparamagnetic size range, restricted width:length ratio, and restricted anisotrophic size distribution (non-log-normal distribution, or truncated). It has been argued that, on Earth, magnetites with these characteristics form only as the result of microbial activity (Thomas-Keprta et al., 2000 . Collapsed chains of magnetite crystals have been used as biosignatures for magnetotactic bacteria in terrestrial soil samples (Fassbinder et al., 1990; Kirshvink and Vali, 1999) .
More generally, crystal growth in the presence of organic ligands can modify the crystal habit (crystal form) of any phase through alteration of the relative stability of crystallographically distinct surfaces (e.g., Mann et al., 1993; Albeck et al., 1996) .
Minerals whose surface morphology indicates biological impact
Organisms can affect the way in which the surface topography of a mineral evolves by inducing localized pitting. Specific surface step morphologies and larger-scale surface topographies have been shown to arise when minerals dissolve in the presence of organic compounds [e.g., amino acids (Teng and Dove, 1997; see Fig. 1 ; Welch et al., 2002; see Fig. 2) ]. "Cell-sized and cellshaped" etch pits observed on the surfaces of many minerals have been attributed to enhanced dissolution under attached cells [e.g., silicates (Fisk et al., 1998 ; also see Thorseth et al., 1995) ]. In some cases, it has been confirmed experimentally that the cells are associated with pit formation, and thus the pits are of microbial origin (Fig. 3) . However, a variety of nonbiological processes can lead to formation of micron-scale pits, and it may be very difficult to develop criteria to distinguish these from pits formed by microorganisms (e.g., Edwards et al., 2001) .
Mineral accumulations with unusual particle size
Typically, when microbial redox transformations induce mineral precipitation external to the cell, the particle size of the products is exceptionally small, often ,2-5 nm (Fig. 4) . For example, enzymatic catalysis of iron oxidation by neutrophilic iron-oxidizing bacteria leads to the formation of few-nanometer-diameter iron oxyhydroxide particles (e.g., Banfield et al., 2000) . Small particle size does not arise uniquely owing to biological activity. However, nanoparticle formation is favored when enzymatic activity causes rapid supersaturation (leading to many simultaneous nucleation events) under conditions where crystal growth would be inhibited or occur at a very slow rate. In addition, large crystal size or unusual crystal length in one or two dimensions may result from polymer-based nucleation (Calvert and Rieke, 1996; MacLachlan et al., 2000) .
Minerals whose spatial arrangement suggests the presence of cells
Mineral aggregates can assume unusual, diagnostically biological shapes. For example, iron and manganese oxides precipitate onto polymer strands or sheaths of bacteria and preserve the shapes of these polymers. Classic examples include the mineralized twisted ribbons generated by Gallionella spp. and the drinking straw-like structures formed by Leptothrix spp. (Fig. 5 ). The products of these organisms have been used to infer a biogenic origin for Fe-rich deposits in the geological record (e.g., Alt, 1988) . Examples include Cambrian sea-floor silica-iron oxide deposits described by Duhig et al. (1992) and a Jurassic hydrothermal vent community described by Little et al. (1999) (also see review by Hofmann and Farmer, 2000) .
Minerals often precipitate on, or adhere to, cell surfaces. For example, crystallization of sulfates and carbonates onto cell surface layers (e.g., periodic S-layers) may lead to products with distinctive size, microstructure, and aggregate characteristics (Schultze-Lam et al., 1996; Fortin et al., 1997) . In some cases, mineralization may preserve the morphology of the microorganisms, even after the cell materials have degraded (e.g., morphological microfossils). However, identification of the former presence of life based on cell-like morphologies is fraught with problems. Many mineralization processes can generate small, cellshaped, and approximately cell-sized objects. Furthermore, some minerals commonly encountered in soil and aqueous environments grow as micron-and submicron-sized spherical or tubular particles. In some cases, such morphological data has been used to argue for the existence of life forms smaller than the most commonly accepted "smallest" bacteria [e.g. "nannobacteria" (Folk and Lynch, 1997; Folk, 1999) ], generating considerable controversy (also see Kirkland et al., 1999) . Figures 6-8 are scanning electron microscope (SEM) images of micron-and submicronscale objects, resembling rounded, rod-, and spirrilum-shaped cells, respectively. The objects display few characteristics typical of minerals (e.g., crystal faces), and they are fairly uniform in size. These characteristics could lead the observer to conclude that the objects are cells or mineralized cells.
FIG. 2. Examples of the response of the apatite surface to experimental dissolution in (a) inorganic acid and (b)
the presence of actively metabolizing cells. Note the arrow in (b) indicates the location of a cell. Scale bars 5 2 mm. In this case, the surface texture may provide evidence for the presence of organic acids at the surface during dissolution (Welch et al., 2002) .
FIG. 3. SEM image of a cell-shaped pit formed underneath a surface-attached microorganism that was dehydrated under vacuum.
During the experiment, the round or disc-shaped cells of the iron-oxidizer Ferroplasma acidarmanus colonized highly polished arsenopyrite (FeAsS) surfaces. Pitting of the surface surrounding the cell is due to the release of ferric iron, which oxidizes surface sulfide groups (see Edwards et al., 2001 ).
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The SEM is a powerful tool for detection and characterization of cells (e.g., Firtel and Beveridge, 1995) . However, to verify that an object that looks like a cell is (or was) a cell it is necessary first to establish what cells should look like via the method of observation. Hydrated cells and nonconducting material can be viewed with an environmental SEM (Collins et al., 1993) with limited resolution (10 nm). Dehydrated cells can be examined with scanning electron microscopy at low accelerating voltages (a few kilovolts) but are difficult to visualize (Fig. 9 ) in the absence of mineralization. Better resolution requires fixation, either freezing (as for Fig. 10 ) or chemical treatment followed by dehydration and critical point drying. Cells can be ion-sputter-coated with gold, palladium, iridium, chromium, or other heavy metals and examined at higher voltages (15-20 kV). Fixation, dehydration, and sputtercoating increase the possibly of better imaging but also increase the possibility for introducing artifacts that may complicate interpretation of shapes (Little et al., 1991) . In general, additional evidence such as a DNA or RNA stain (usually observed via epifluorescence optical microscopy) is highly desirable. If possible, additional characterization methods should be employed.
Transmission electron microscope (TEM) analysis of the cell-like objects shown in Figure 6 revealed that they are composed of aggregates of a fine-grain particulate lanthanide phosphate mineral. TEM cross sections of the material illustrated in Fig. 7 , coupled with energy-dispersive microanalysis, demonstrated conclusively that the objects are spherical and tubular halloysite (see TEM image in the lower part of Fig. 7 ). TEM characterization of objects in Fig. 8 confirmed that the filaments consist of aggregated iron oxyhydroxides. An interesting phenomenon revealed by the TEM is the presence of a core of semialigned crystals of FeOOH within these aggregates Chan et al., manuscript in preparation) . While organisms may have contributed to the formation of these structures, the aggregates cannot be identified as cells or mineralized cells. Note that the particle size is exceptionally small, often ,2 nm (smaller black arrows). The larger black arrow indicates an aggregate of slightly misoriented particles. The black and white arrow marks a particle exhibiting a stacking disorder of intergrown sphalerite and wurtzite structures.
Spatial patterns of minerals can provide very convincing evidence that life existed in an environment (e.g., trace fossils). Bioturbation contributes significantly to the development of soil and sediment structure and can impart distinctive textural and mineralogical organization [e.g., worm tubes (Aller, 1984) ]. Soil aggregates are also biological-mineralogical entities with potential utility as biosignatures.
Minerals whose aggregation state indicates a role for low-molecular-weight by-products
Distinctive solution chemistry, particularly the presence of small organic molecules, may lead to particle aggregation patterns that would not be anticipated in an inorganic system. For example, aggregates may arise when organic ligands bind to nanoparticle surfaces and bridge adjacent particles to form three-dimensional arrays. The external shape of the resulting aggregates is often spherical (Fig. 6 ). However, within the array the nanoparticles may be highly oriented.
Presence of organic molecules in crystals, indicating biomineralization
Organic polymers are often incorporated into biominerals as they form (e.g., shells, pearls, bone, and coccoliths formed by calcareous algae). Microbial cells can be permeated by silica, fixing organic molecules in varying stages of degradation. During mineral replacement, the organic structure acts as a template. Minerals replacing microorganisms and potentially intergrown with organic polymers include silica, clays, oxides, sulfides, carbonates, and phosphates.
Unusual mineral assemblages indicating a biological process
Certain mineral assemblages may be impossible to form without biological activity. For example, associations of finely particulate metal sulfides with low-temperature phases (e.g., clay minerals) in very low-grade, carbon-rich sediments are likely to have a biological origin; thermochemical sulfate reduction is strongly inhibited below ,175°C over reasonable time scales due to large kinetic barriers (e.g., Ohmoto and Lasaga, 1982) . Though other processes can generate very small sulfide particles (e.g., impact, abrasion, and condensation from the solar nebular), these products have compositional charac- 
Specific major element distribution patterns indicating biological effects
Abundance patterns for biologically essential major elements may indicate biological activity. For example, phosphate depletion in biologically altered weathering profiles may be striking. Taunton et al. (2000a,b) showed that lanthanide and phosphorus concentrations varied dramatically between biologically altered and predominantly inorganically chemically weathered zones. They attributed such chemical variations to microbial phosphate scavenging in low-phosphate environments (e.g., P uptake in combination with complexation of the metals by an organic ligand, leading to dissolution of otherwise extremely insoluble phosphate minerals). The end result of this process was a change in mineralogy. After phosphate removal, Ce 31 was oxidized to Ce 41 and precipitated as insoluble oxides in biologically altered zones. Zones little impacted by microorganisms contained abundant lanthanide phosphate phases.
Some organisms deploy siderophores to scavenge iron. Iron oxides may also be solubilized by reductive dissolution facilitated by soluble organic electron shuttle molecules [e.g., 2,6-AQDS (see review by Hernandez and Newman, 2002) ]. Both of these processes may also lead to major element redistribution patterns that could constitute biosignatures.
Terrestrial soils contain numerous potential biosignatures. In addition to high concentrations of organic compounds, the patterns of element distribution may strongly indicate the operation of biological pathways. For example, soils con- taining abundant organic acids tend to be depleted in Al and Fe because these elements are complexed and solubilized by organic ligands. In contrast, Al and Fe are concentrated in organicpoor environments. For example, Weed and Norton (1991) and Johnston and Vestal (1993) showed that organic acids such as oxalate caused relocation of Al and Fe to deeper portions of Antarctic weathering profiles compared with sites without significant biological activity. In Australian granite weathering profiles, geochemical data suggested that K and Mg are depleted in saprolite immediately below the soil profile, which is consistent with faster biologically induced weathering of biotite compared with feldspar (Welch et al., 1999) .
Unusual trace element accumulations may indicate biological impact
Microorganisms require small quantities of specific elements as enzyme cofactors. For example, Archaea require Ni for certain enzymes including most hydrogenases, carbon monoxide dehydrogenase, and coenzyme F 430 -part of the key enzyme involved in methanogenesis (Ermler et al., 1997) . Also, Cu is required by some bacteria for cytochrome c oxidase, and Mn is present in certain superoxide dismutases and P680 chlorophyll a (the water-splitting enzyme in most oxygenic phototrophs) (e.g., Bratton et al., 2000; Nugent et al., 2001) .
If a biologically essential ion such as Co, Ni, Cu, Mn, Mo, Se, and V, which are usually found in low abundance, is scavenged from the environment, concentrations of these elements could constitute a mineralogical biosignature. Furthermore, toxic ions are sequestered into granules by some microorganisms. For example, Se is sequestered into S granules by sulfide-oxidizing bacteria (Nelson et al., 1996) . Recent studies show uranium-rich phosphate granules inside sulfatereducing bacteria in the aerobic zone of U-contaminated sediments (Suzuki and Banfield, 2001) . Consequently, biological activity may be indicated both by occurrence of unusual trace element concentrations and by unexpected elemental ratios. Other examples of potential importance include fractionation of ions with geochemically similar distribution patterns due to differential complexation by organic molecules [e.g., Ge vs. Si, Al vs. Ga (Pokrovski and Schott, 1998)].
FIG. 8. SEM image of high-contrast curled rounded objects.
Although these filamentous forms resemble very small cells, TEM data, below, indicate that they consist of aggregates of fine particulate iron oxyhydroxide minerals. As shown in the bottom image the filaments contain a very thin FeOOH core consisting of aligned nanocrystals. Although these objects are clearly not cells, the role of cells in their formation cannot be ruled out.
CONSTRAINTS FOR POSSIBLE BIOMES
It is likely that a Martian biosphere will be localized in interfacial reaction zones. It is reasonable to propose that for most of Mars' history the process of planetary evolution, in combination with atmospheric photochemical processes and catastrophic events such as meteorite impacts, has maintained some level of disequilibrium among the atmosphere, hydrosphere, and lithosphere. Thus, in addition to sunlight, there are sources of energy that could be harvested by life forms.
Soil samples taken at the Pathfinder site closely resemble those collected several thousand kilometers away at the two Viking sites Larsen et al., 2000) . Data have been interpreted to indicate that the aeolian dust is a physical mixture of basalt and andesite-derived materials in approximately equal proportions (Larsen et al., 2000) . In addition, a close chemical relationship has been established for Martian meteorites and Pathfinder rocks (Driebus, 1998) . Pathfinder data indicate the presence of high-silica rocks with SiO 2 compositions ranging from 52.5 to 61.2 wt%. The concentration of SiO 2 is inversely correlated with sulfur, extrapolating to an S-free rock at an SiO 2 concentration of 62 wt% (Britt et al., 1998) . Rocks composing the Martian surface are inferred to be Mg-Fe-basalts and low Mg-, low S-"andesites" (also see Hamilton et al., 2001) . Analysis of SNC meteorites suggests that Mars rocks are reduced and contain primarily ferrous iron with minor amounts of reduced sulfur. Primary minerals in SNC rocks include olivines, pyroxenes, chromite, magnetite, apatite, pyrite, and pyhrrotite. Alteration products reported from SNC meteorites include hematite, goethite, magnetite, smectite, siderite, nanophase ferric oxides/hydroxides, halite, and gypsum (McSween and Treiman, 1998) .
Martian soil is highly oxidized (Fe 21 :Fe 31 5 0.7:3 in rock, Fe 21 :Fe 31 5 3:20 in soils), and sulfate is a major component. When compared with rock compositions, soils are depleted in silica, aluminum, and potassium, while enriched in titanium, chromium, iron, magnesium, and sulfur (Britt et al., 1998; Economou et al., 1998; Bell et al., 2000) . The soil is inferred to be acidic. Iron is in the form of composites of nanophase ferric ironrich minerals and more coarsely crystalline hematite. Other constituents inferred to be present include sulfates, probably calcium sulfates (gypsum). Ferrous silicates occur in the rocks and soil, but do not appear to be present in the dust. Over a significant period of Martian surficial his-
BANFIELD ET AL. 456 FIG. 9. SEM image of a living or recently dead cell.
Note that the cell, which is barely visible in the image, is dehydrated (white arrows mark cell margins). The image was recorded using the SE2 detector of an LEO 1530 field emission SEM with accelerating voltage of 3 kV and 4 mm working distance. If cells are imaged at higher accelerating voltage they are virtually invisible unless they are mineralized or fixed via cryogenic or chemical means prior to imaging.
FIG. 10. SEM image of the ZnS biofilm described by Labrenz et al. (2000)
. The sample was impregnated and prepared for microscopy via a freeze-etch method (R. Webb, personal communication, 2000) . The SEM image shows microbial cells and polymers associated with spherical aggregates. The aggregates consist of ,10 tory, redox reactions, many of which probably involved Fe and S, occurred at the planet surface .
BIOSIGNATURES IN THE MARTIAN CONTEXT
Models for the Martian hydrological cycle include episodic ocean formation, glaciation, and flooding, and persistence of ocean regions early in the history of Mars (Baker et al., 1991; Malin and Edgett, 2000) . Ground ice in the crust and soil may be significant modern reservoirs of water on Mars (e.g., Clifford, 1993; Mustard et al., 2001) . Evidence includes geomorphologic features indicative of viscous creep at higher latitudes. Midlatitude soils have also been identified as reservoirs for water (Fanale et al., 1986) . Mustard et al. (2001) report evidence for a 1-10-m-thick reservoir of near-surface water as ice within the pore space of soils in the 30-60°latitude range.
Oceans or lakes represent potential locations for microbial communities. These could be similar to environments from the early Earth in which microfossils are found (e.g., shallow-marine or lacustrine basins). Organisms that derive energy from inorganic compounds or light might be anticipated. The last open water on Mars was most likely found in alkaline hypersaline lakes. These bodies of water could have been stratified, leading to a range of redox environments within which various types of metabolisms could have operated. Furthermore, a fluvial/lacustrine/ ocean system could be expected to produce sediments, and thus a range of sedimentary habitats similar to those encountered in terrestrial settings. Clearly, this scenario gives rise to a wide diversity of geochemical cycles that may produce mineralogical biosignatures for which terrestrial analogs exist.
Martian environments in which the formation of terrestrial mineral biosignatures could occur include subsurface volcanoes, hydrothermal vent systems, metal sulfide-rich deposits, and surface water gradients. Though microorganisms in extraterrestrial habitats may have evolved different metabolic activities than terrestrial organisms, they would have had to interact with similar rock surfaces and may have developed similar strategies to cope with environmental challenges. Such interactions may have led to comparable patterns of elemental distribution and mineral formation. Furthermore, even if metabolic differences existed, life is likely to rely on some form of electron transfer reactions. Thus, focus on available redox-active Martian surface mineral constituents may be appropriate when developing model systems for mineralogical biosignature analysis. A few examples of possible environments and their potential to produce mineralogical biosignatures are presented below.
Iron
Redox disequilibrium is a key requirement for chemoautotrophic biogeochemical systems. Iron is one of the most abundant, redox-active components of the Martian lithosphere. It occurs in reduced forms in rocks and in oxidized forms in dust and sediments. One approach in the search for Martian mineral biosignatures would be to focus on the chemistry of Fe and other electron donors such as sulfur compounds or H 2 . Thus, we consider the potential environments where redox reactions involving Fe may sustain life on Mars and the possible mineralogical biosignatures associated with these.
Even if the biochemical design of extraterrestrial life is not comparable to that on Earth, the characteristics of mineral precipitates resulting from organism-based catalysis of iron redox reactions may be similar. In terrestrial microbial metabolisms operating under anoxic conditions Fe 31 can be used as an electron acceptor. Conversely, under oxidizing conditions Fe 21 can be used as an electron donor. A number of elements can serve as the related electron donors and acceptors.
The formation of very small intracellular magnetite (Fe 3 O 4 ) or greigite (Fe 3 S 4 ) crystals, in some cases with unusual morphologies, is associated with microorganisms that populate relatively low oxygen environments (e.g., Posfai et al., 1998) . In addition to magnetosome magnetite (see Bazylinski et al., 1995) , extracellular oxides and sulfides are produced in large quantities under anoxic conditions by iron-and sulfate-reducing bacteria [e.g., dissimilatory iron-reducing bacteria (Fredrickson et al., 1998) ]. Moskowitz et al. (1989) discussed the differences between the products of extracellular and intracellular iron mineralization reactions. The use of magnetite size, morphology, and microstructure as a biosig-nature has been a matter of considerable recent debate with regard to the biogenicity of magnetite in the Martian meteorite ALH84001 (e.g., Golden et al., 2001; Thomas-Keprta et al., 2001) .
Martian organisms that utilize ferric iron, as is present in Martian dust, as an electron acceptor might be encountered in anoxic aqueous or sedimentary habitats. Other Martian organisms could provide reduced organic carbon compounds to serve as electron donors. Ferric iron reduction could also be coupled to the oxidation of hydrogen, possibly supplied from the planetary interior (e.g., geothermal systems).
A number of metabolic options that rely upon the use oxidation of Fe 21 are possible on Mars. Though organisms tend not to use iron oxidation as an energy source in well-oxidized solutions owing to rapid inorganic oxidation kinetics, they can do so when the kinetics of inorganic oxidation reactions are inhibited by high acidity or low oxygen concentrations. Thus, on Earth, iron oxidation forms the basis of ecosystems located in acid rock/mine drainage environments, or where steep gradients occur between oxic and anoxic regions in solutions or sediments (e.g., water wells, flooded underground mines).
A potential Martian biome could rely on disequilibrium between ferrous iron-rich volcanics (mafic rocks) and the atmosphere or hydrosphere. In this scenario, organisms might use iron oxidation for metabolic energy generation in the gradient between the oxic surface and reduced rock reservoirs, or in subsurface hydrous environments in proximity to basalts and basaltic andesites. Subsurface lava tubes, as suggested by chains of collapsed structures imaged by the Mars Global Surveyor, could provide open space in subsurface aqueous environments.
On Earth ferrous iron utilized in energy generation is usually supplied by mineral dissolution, either through reductive dissolution of ferric iron minerals in adjacent anoxic zones or by dissolution of ferrous iron sulfides or silicates. If iron sulfides are the source of iron, sulfuric acid is generated owing to sulfide oxidation (see below). This can lead to low pH environments that can sustain significant biomass owing to the slow rate of inorganic iron oxidation in acid solutions (e.g., Bond et al., 2000) . If the pH buffering capacity of the surrounding rocks is small, the pH of weathering solutions may remain low and limit precipitation of ferric iron minerals and the formation of mineralogical biosignatures. Probable mineralogical biosignatures formed under these conditions may be restricted to etching features on sulfide mineral surfaces, such as the distinctive pits created by direct contact between cells and the surface. Since pits can form inorganically, however, the interpretation of such etch features as biological in origin is often difficult, if not impossible .
Microbiological communities supported by the oxidation of ferrous iron released by silicate mineral dissolution at near-neutral pH are relatively unstudied, though some effort has been devoted to analysis of iron-oxidizing bacteria in groundwater, soils, and sediments (e.g., Emerson and Moyer, 1997) . Neutrophilic iron-oxidizing microbes are difficult to cultivate and are typically studied some distance from the dissolving minerals. However, an effective metabolism could harvest iron released from the surface of fayalite (an Fe-silicate) by dissolution, as follows:
Oxidation of aqueous ferrous iron in slightly oxidized solutions could be coupled to the reduction of oxygen, nitrate, or other electron acceptors.
Thermodynamic calculations indicate ample energy is available for microbiological metabolism from iron silicate redox reactions (Jakosky and Shock, 1998) . Recent kinetic studies suggest that in aqueous solutions Fe 21 is released by dissolution of phases such as biotite, pyroxene, and olivine at rates sufficient to sustain significant microbial populations, especially under acidic conditions .
Mineral deposits associated with iron-oxidizing bacteria living at neutral pH have very high potential as mineral biosignatures. Both the morphology and mineralogy of the products may be quite distinctive. In some cases biogenicity may be indicated by filmy mineralized sheets similar to those produced by Mn-oxidizing bacteria (Mandernack et al., 1995) . In other cases, Fe accumulates on extracellular polymeric compounds, leading to the formation of assemblages such as those shown in Fig. 5 for Gallionella and Leptothrix. In the case of some isolates of iron-oxidizing bacteria, the mineral produced is either ferrihydrite or feroxyhite . In other examples, the precipitate may be akaganeite (Chan et al., manuscript in preparation), sometimes displaying extremely unusual morphologies . Mineral biosignatures such as these have been used to infer a biogenic origin for ancient iron deposits, as referenced above. In terrestrial examples, identification of morphological biosignatures relies upon the existence of life forms similar to those found on the Earth. Although life forms identical to those on Earth may not have emerged on Mars, rapid precipitation of nanophase iron oxyhydroxides with a strong tendency to flocculate or adhere to organic compounds may give rise to distinctly bioinorganic materials.
During the production of the large-scale banded iron formations (BIF) on Earth, biologic processes may have played a major role in precipitating iron minerals. Candidate microbial groups include purple bacteria (Widdel et al., 1993; Ehrenreich and Widdel, 1994; Glasby, 1998) , neutrophilic iron oxidizers (e.g., Emerson and Moyer, 1997) , and microaerophilic organisms that couple iron oxidation to nitrate reduction (e.g., Straub et al., 2001) . However, the critical role of microbes in BIF formation is far from widely accepted. Large (350 3 350-750 km) hematite deposits in the Sinus Meridiani region of Mars, detected by the Thermal Emission Spectrometer instrument on the Mars Global Surveyor (Christensen et al., 2000) , have been interpreted as possible BIF analogues. Christensen et al. (2000) favor models for the formation of the Mars hematite deposits that involve chemical precipitation from Fe-rich water. This is due, in part, to the apparent association with sedimentary materials. The features of this region have led to its consideration as a potential sample return locality for exobiology (e.g., Allen et al., 1996) .
One possibility for creation of the hematite-rich areas on Mars involves precipitation of nanocrystalline iron oxyhydroxides from solutions via a biologically-influenced pathway. Subsequent burial and heating may have converted these products to coarser hematite. Documentation of all types of biosignatures in modern iron oxidedepositing environments and in ancient terrestrial BIF samples is needed to generate a comparison database for analysis of samples from regions such as Sinus Meridiani. This work will require detailed analyses of terrestrial biosignatures (mineralogical, isotopic, textural) produced by iron-oxidizing prokaryotes. Since minerals may have been metamorphosed and altered by subsequence heat, pressure, and chemical reactions, the fate of iron mineral biosignatures during diagenesis should be investigated.
The sulfur cycle
Like iron, sulfur is likely to exist in multiple oxidation states at and near the Martian surface and could participate in energy generation reactions under oxic and anoxic conditions. Given the extensive amount of volcanism that has occurred on Mars, sulfur oxidation during the alteration of volcanogenic sulfide deposits is likely. Other locations for potential S-based Martian biomes include subsurface environments where geothermal heat could permit liquid water and at sites where prior hydrothermal activity may have occurred (e.g., Fisk and Giovannoni, 1999) .
Under oxidizing conditions, microorganisms on Earth can use sulfide, polysulfide, sulfur, and sulfoxy compounds as electron donors. These reactions are frequently responsible for acidification of the environment. Oxidation of metal sulfide in air or solution typically leads to accumulation of elemental sulfur on metal sulfide mineral surfaces. These deposits are rapidly removed by sulfur-oxidizing bacteria. Although perhaps difficult to interpret, the absence of elemental sulfur accumulations and the associated acidification may constitute a mineralogical biosignature. In other environments where sulfide released by communities of sulfate-reducing bacteria is oxidized by microorganisms the resulting elemental sulfur can be stored as granules inside cells. These granules may also constitute a mineralogical biosignature. Selenium follows sulfur, owing to its geochemical similarity. Its biological reduction, reoxidation, and sequestration may lead to a fractionation in relative abundance of Se and S. Further research is needed to evaluate the value of such patterns as mineralogical biosignatures.
Under anaerobic conditions, bacteria catalyze at low temperatures the kinetically slow sulfate reduction reaction. In the presence of even small quantities (sub ppm-level concentrations) of metals such as Cu, Zn, Pb, Cd, and Fe, this leads to precipitation of nanocrystals of metal sulfide phases (e.g., Labrenz et al., 2000) . These particles tend to flocculate to form distinctive micron-scale spheres, possibly owing to the presence of surface-bound organic molecules (Fig. 3) . These aggregates have considerable potential as mineralogical biosignatures, especially if combined with evidence of their origin in a low-temperature environment and for biologic fractionation of 34/32 S. For example, some terrestrial sulfide deposits have been interpreted as formed by bacterial sulfate reduction on the basis of S isotope data (e.g., Ohmoto et al., 1993; Kakegawa et al., 2000) and petrographic textures suggestive of mineralized microbial mats (McGoldrick, 1999) . These deposits await further detailed investigation and comparison with nanocrystalline sulfides formed by sulfate-reducing bacteria in modern geologic settings and in vitro.
Other targets
Sedimentary deposits have considerable potential as sites of mineral biosignature formation. Early diagenetic infusion of silica or phosphate or rapid burial of organic materials in fine-grained clays could preserve cell textures and thus, produce a variety of biosignatures including microfossils.
Novel mechanisms for harvesting chemical or light energy, unlike those identified on Earth, may have emerged on Mars. For example, silicate mineral dissolution and clay precipitation reactions are thermodynamically favored yet kinetically inhibited. Proton motive force may be generated through precipitation of minerals on the cell surface (e.g., calcite and clays):
Biosignatures for such a process can only be inferred from other mineral-organism phenomena.
OPPORTUNITIES
Our review of mineralogical phenomena arising from biological activity suggests some promising potential mineral biosignatures that may be developed into rigorous criteria for life detection. However, much remains to be learned. To advance the utility of minerals as recorders of recent or ancient biological activity on Earth and Mars and to interpret reliably this record, we suggest two categories of further research.
Building a database of mineralogical biosignatures
A database of mineralogical biosignatures is required. As discussed above, there are many ways in which organisms can impact their surroundings. Additional work is needed to explore the potential of each of the groups of phenomena as mineral biosignatures. Minerals that are produced directly by organisms are of particular interest. The forms (morphologies) and compositions of submicrometer magnetites, sulfides, phosphates, oxides, and other phases from both biogenic and inorganic systems must be catalogued. As criteria to establish additional phenomena as mineral biosignatures are developed, it is essential to distinguish them from the results of inorganic and organic processes. Both characterization of natural systems and careful experimental studies are needed to achieve this goal. Explicit consideration of probable differences between Martian and terrestrial geological systems is required to constrain appropriately the experimental conditions for inorganic controls.
Given the significant number of ecosystems in which life, and thus evidence of life, may be encountered on Earth, the search for Martian mineral biosignatures should focus initially on a subset of terrestrial environments selected as analogs for targeted Martian environments. Extensive documentation of the mineralogy, geochemistry, and microbiology of target terrestrial biomes must be conducted through the study of natural habitats and the characterization and analysis of simplified systems in the laboratory. The form, composition, and morphology of minerals produced by cells should be analyzed in detail with enough spatial resolution to distinguish the composition and morphology of biomineral products and the topography of reacted surfaces at the scale at which the features vary. The bulk and trace elemental composition of minerals and the solutions from which they form should be analyzed. This approach is essential in order to reveal the extent to which microorganisms modify element partitioning and other aspects of the chemistry and structure of their environments. Solution chemistry can be interpreted in the context of thermodynamic stability diagrams and the simplicity principle for precipitation reactions. This will allow identification of minerals whose formation could not be predicted based on thermodynamic consideration of the bulk system.
Before mineralogical biosignatures can be confidently identified and interpreted in extremely small quantities of Martian materials, researchers must expand the database of unambiguous biosignatures from the ancient Earth record. For exam-ple, it is critical that terrestrial BIF be analyzed in as much detail as possible and criteria be established to determine unequivocally whether such deposits preserve life signatures. This work should be complemented by parallel studies of modern sites where iron oxide-rich deposits are accumulating.
Detection and calibration of mineral biosignatures in natural environments can be greatly assisted by laboratory experiments in which environmental factors and time can be carefully regulated. Environments should differ in pH, E h , temperature, water activity, solution composition, and pressure. Within each of the target habitats, representative groups of microbes should be identified and analyzed in terms of the environment/mineral interactions. Such experiments should be used to establish which of multiple environmental variables determines the nature and extent of the resultant mineral biosignatures. The use of sterile controls will provide valuable information on the extent, rate, and products of strictly abiotic reactions. In addition, systematic laboratory studies should be undertaken using a variety of microbes and their mineral products to evaluate the effects of cells on mineral surfaces under a diversity of geochemical conditions.
Understanding the fate of biosignatures
It is critical to consider how long-term aging, alteration, and thermal treatment of the cell-mineral assemblage will modify potential mineralogical biosignatures. Most biominerals are extremely finely crystalline. Since crystal growth is driven by surface energy minimization, it will occur at all temperatures, but over shorter times at higher temperatures. Even in the absence of heating due to burial, volcanism, or impacts, the texture and mineralogy of assemblages will be altered, especially for Martian surface deposits formed billions of years ago. Specifically, the crystal growth of primary biominerals, morphology development, impurity redistribution, surface topographic change, isotope redistribution, and transformation to other stable and possibly anhydrous phases should be analyzed. Whether studies of appropriate environments will reveal that primary mineral biosignatures are converted to recognizable ancient mineral biosignatures by burial, desiccation, heating, or other processes remains to be determined.
The interpretation of textures and patterns of elemental and isotope distribution in ancient deposits will benefit greatly from understanding how primary biosignatures may have been modified by crystal growth, phase transformations, degradation of organic matter, silicification, etc. Because the size of minerals produced as the result of enzymatic redox reactions is extremely small, questions related to particle evolution over time are directly linked to questions of nanoparticle properties, stability, and reactivity.
Studies of the formation of mineralogical biosignatures should not be conducted without consideration of their biological context. The emerging approaches that utilize genomic and gene expression data have the potential to revolutionize our understanding of how microorganisms interact with, and impact, their environments. These data could be employed to advance greatly our understanding of mineralogical biosignature formation.
CONCLUSIONS
The search for mineralogical biosignatures that might establish the biogenicity of features in a Martian sample could be advanced by further detailed, high-resolution, multitechnique characterization of both modern terrestrial ecosystems and ancient deposits of presumed biogenic origin. Multiple methods of analysis are needed to constrain the characteristics of the system sufficiently and to rule out nonbiological explanations for seemingly biological phenomena. In addition, experimental biomineralization studies and investigations of the ways in which time and temperature modify textural and chemical biosignatures are required. These data will be critical to interpretation of the record of the ancient Earth as well as of Martian samples. The sites and samples chosen for detailed study should be the best possible analogs for possible Mars biomes, selected on the basis of what is known about the Martian surface and subsurface regions. Funding to support the collection of original data included in this article was provided by the NASA Astrobiology Institute (JPL), the Department of Energy Basic Energy Sciences Program, and the National Science Foundation (EAR).
